We propose 10 highly-charged ions as candidates for the development of next generation atomic clocks, quantum information, and search for α-variation. They have long-lived metastable states with transition frequencies to the ground state between 170-3000 nm, relatively simple electronic structure, stable isotopes and high sensitivity to α-variation (e.g., Sm
The past few years marked unprecedented improvements in both the accuracy and stability of optical frequency standards [1] [2] [3] [4] [5] . Sr lattice clock group has just reported the achievement of the 6.4 × 10 −18 accuracy [3] . This remarkable progress poses the question of what are the novel schemes for the next generation of clock development that may achieve the accuracy at the next decimal point, 10
−19 . This work proposes 10 highly-charged ions (HCI) as candidates for the development of next generation atomic clocks and other applications. Further development of even more precise frequency standards is essential for new tests of fundamental physics, search for the variation of fundamental constants, very-longbaseline interferometry for telescope array synchronization, and development of extremely sensitive quantumbased tools for geodesy, hydrology, and climate change studies, inertial navigation, and tracking of deep-space probes [2, 3] .
The modern theories directed toward unifying gravitation with the three other fundamental interactions suggest variation of the fundamental constants in an expanding universe [6] . Studies of the quasar absorption spectra indicate that the fine-structure constant α = e 2 /hc may vary on a cosmological space-time scale [7, 8] . This result has not been confirmed yet by other groups (see [9] and references therein). As a result, the status of the observational search for α-variation is presently unclear and further investigations are required [10] . Spatial α-variation hypothesis can be tested in terrestrial studies if sensitivity δα/α ∼ 10 −19 yr −1 is achieved [11] . Current best limit of δα/α ∼ 10 −17 yr −1 comes from measuring the frequency ratio of Al + /Hg + clocks [12] .
The signature feature of the system suitable for atomic clock development and subsequent tests of the α-variation is the availability of the optical (or nearoptical) transition between a ground state and a longlived metastable state. It appears from the first glance that this requirement reduces atomic clocks based on HCI to transitions between states of the ground state configuration (see, e.g. [13, 14] ) which are not sensitive to variation of α. However, this turns out not to be the case. Despite very large ionization energies, certain ions have transitions belonging to different configurations that lie in the optical range due to level crossings and strongly enhanced sensitivity to variation of α [15, 16] . Highlycharged ions are less sensitive to external perturbations than either neutral atoms or singly-charged ions due to their more compact size. Recent studies of uncertainties [14, 17] have shown that the fractional accuracy of the transition frequency in the clocks based on HCI can be smaller than 10 −19 .
One of the main obstacles for the experimental work toward the development of highly-charged ions for these applications is the lack of experimental data for these HCI systems as well as difficulties in accurate theoretical predictions of the transition wavelengths owing to severe cancellations of energies of upper and lower states (since we are interested to work near level crossing). The goal of the present work is to resolve this problem. We identified all of the highly-charged ions that are particularly well suited for the experimental exploration, i.e. satisfy the following criteria: 1) existence of long-lived metastable states with transition frequencies to the ground states ranging between 170-3000 nm, 2) high sensitivity to α-variation, and 3) existence of stable isotopes. Other practical consideration include relatively simple electronic structure, i.e. with one, two, or three valence electrons above the closed core, which excludes core-excited states such as considered in [16] . We find that only the ions in four isoelectronic sequences, Ag-like, [18] . Our study of the HCIs showed that some of these systems have several metastable states representing a level structure and other properties that are not present in any neutral atom and low-ionization state ions and may be advantageous not only for the development of atomic clocks but also for providing new possibilities for quantum information storage and processing. For example, we find that the first excited state in Sn-like Pr 9+ can be counted as a second "ground" state with estimated lifetime of 10 14 seconds since the fastest transition contributing to the lifetime is M3. The low-lying levels of Snlike Pr 9+ ion and our estimates of the radiative lifetimes are shown in Fig. 1 for illustration. Much more compact size of the HCI electronic cloud may significantly reduce the decoherence processes due to undesired external perturbation, and extremely long-lived states may provide a resource for quantum memories. The large charge may allow for faster quantum logic gate operation [19] .
While highly-charged ions lack strong electric-dipole transitions for laser cooling, sympathetic cooling may be employed similar to the case of Al + clock, which is cooled using laser-cooled Be + or Mg + ion [1] . The experimental investigations toward the sympathetic cooling of HCIs and the precision laser spectroscopy of forbidden transitions are currently in progress [20] [21] [22] [23] . Recently, the evaporative cooling of Ar 16+ in a Penning trap was demonstrated [20] . Storage and cooling of highly-charged ions require ultra-high vacuum levels that can be obtained by cryogenic methods. A linear Paul trap operating at 4 K capable of very long ion storage times of about 30 h was recently developed in [22] .
Methods. We use two different relativistic highprecision all-order approaches for all of the calculations carried out in this work. The first approach is the relativistic linearized coupled-cluster method that includes all single, double, and partial triple excitations of DiracFock wave function [24] . It has been extremely successful in predicting the properties of alkali-metal atoms and monovalent ions [24] . The second approach combines modified linearized coupled-cluster method with the configuration interaction (CI) [25, 26] . This CI+all-order method yielded accurate atomic properties for a number of divalent systems and Tl having three valence electrons [26] [27] [28] [29] [30] [31] [32] . This work presents the first application of the CI+all-order method for 4-valence electron systems such as Sn-like ions. We demonstrated that the CI+all-order method can accurately predict properties of systems with four valence electrons (using test systems where the experimental results are known) and designed efficient algorithms to construct 4-electron CI configuration spaces that contain all important sets of configurations.
An accurate calculation of the highly-charged ion energies and corresponding wavelengths not only requires the all-order methods to treat the Coulomb correlation effects, but also an accurate treatment of the Breit interaction, QED corrections, and inclusion of the high partial wave contribution. We treat the Breit interaction on the same footing as the Coulomb interaction in the basis set. The QED radiative corrections to the energy levels were included using the method described in [33] . The partial waves with l max = 6 are included in all summations in many-body perturbation theory or all-order terms, and l > 6 contributions are extrapolated. We find that inclusion of the higher partial waves with l > 6 is very important for accurate description of the 4f states. We illustrate the size of various contributions to the energies of Ag-like Nd 13+ , In-like Pr 10+ , and Sn-like Pr 9+ ions in Table I of the supplementary material [34] to show that all of these contributions are essential for accurate determination of the positions of the energy levels and transition wavelengths of the HCIs.
To further verify the accuracy of our calculations, we compared our values for the three ions where reliable spectra identification provides the experimental values of the energy levels. Comparison of the energies of Ag-like Nd 13+ , and Sm 15+ ions and In-like Ce 9+ relative to the ground state with experiment [35] and other theory [17] is given in Table V . Our values are in excellent agreement with experiment for all three cases.
Results. In our study, we considered the following most essential properties for the experimental development: ground state ionization energies, energy levels, transition wavelengths, lifetimes, and sensitivity to the variation of the fine-structure constant α. The sensitivity of the atomic transition frequency ω to the variation of α can be quantified using a coefficient q defined as ω(x) = ω 0 + qx, where x = α α0 2 − 1 and the frequency ω 0 corresponds to the value of the fine-structure constant α 0 at some initial point in time. In the experiment, the ratio of two frequencies, which is a dimensionless quantity, is studied over time. Therefore, it is preferable to select transitions with significantly different values of q. It is convenient to define dimensionless enhancement factor K = 2q/ω in order to compare the sensitivity to α between the transitions with significantly different frequencies as wide range of transition frequencies are valuable in HCIs. To calculate the value of the sensitivity coefficient q, we carry out three calculations with different values of α for every ion considered in this work. In the first calculation, current CODATA value of α [38] is used. In the other two calculations, the value of α 2 is varied by ±1%. The value of q is then determined as a numerical derivative.
The results for Ag-like ions and In-like ions that can be considered "monovalent", i.e. with one valence electron above the closed 5s 2 shell are given in Table II . Energies and α-variation sensitivity coefficients q relative to the ground state in cm −1 , enhancement factor K = 2q/ω, wavelengths (in nm) for transitions to the ground states and total radiative lifetimes τ are listed. Experimental values are given for the wavelengths [35, 36] of the first three ions. We developed several methods to evaluate the uncertainties in the values of the theoretical wavelengths based on the size of all four corrections described above and comparison with experiment for previous ions of the corresponding isoelectronic sequences, for example, Ba 6+ -Ba 9+ . The uncertainties for the wavelengths transitions to the ground states are listed in parenthesis for In-like ions.
The 5s − 4f level crossing in Ag-like isoelectronic se- are separated by only about 300 cm −1 . Nd 13+ represents a particularly attractive case since the strongest transition from the metastable 4f 5/2 level of this ion is E3, resulting in the extremely long lifetime of more than 15 days. Therefore, this system may be considered to have two ground states. While Nd 13+ transition 5s − 4f wavelength is in UV, another ion can be used to probe the transitions as in Al + clock scheme which also has a clock transition in UV. Many of low-lying transitions in all ions considered here have large q and K coefficients indicating large sensitivities to α-variation. Our calculations of K for infrared transitions in Pr 10+ give K = 22 and K = 40. For comparison, K = 3 [39] for UV transition in Hg + which provided the most precise current test of α-variation in Al + /Hg + clocks carried out in [12] . The Al + ion is light and does not produce additional enhancement of sensitivity to α-variation.
There are two level crossings of interest for the present work in In-like isoelectronic sequence, 5p−4f and 4f −5s. The first one happens for Pr 10+ and Nd 11+ and leads to change of level order from 5p, 4f to 4f , 5p. Pr
10+
represents a particularly attractive case where both 4f j levels are located between the 5p 1/2 and 5p 3/2 fine structure multiplet, making 4f 5/2 a very long-lived metastable level with 1 day radiative lifetime. The order of levels changes again for Sm 13+ , where 5s4f 2 configuration becomes the closest to the ground 5s 2 4f j fine-structure multiplet. This leads to a very interesting level structure with a metastable 5s4f 2 J = 7/2 level in the optical transition range to both ground and excited 5s 2 4f 7/2 levels of the fine-structure multiplet. The results for this Inlike ion are listed in Table III together with the results of other multi-valence electron HCIs in Cd-like and Sn-like isoelectronic sequences.
The 5s − 4f level crossing in Cd-like ions happens for Nd 12+ -Sm 14+ ions. The strongest transition from the first excited levels of both ions is M2, resulting in the extremely long lifetimes. The case of Nd 12+ is very similar to Ag-like Nd 13+ but the wavelengths are further in UV. We note that q values are positive for Nd 12+ and negative for Sm 14+ which creates additional enhancements for α-variation search if the relative transition frequencies in Nd 12+ /Sm 14+ are monitored. Similar cases are found in other isoelectronic sequences studied here because the energy levels change order with the level crossings and the values of q in ions before and after the crossing have an opposite sign.
The ions of interest in the Sn-like isoelectronic sequence are Pr 9+ and Nd 10+ . The case of Pr 9+ is particularly interesting, since the lowest metastable state, 5p4f J = 3 is extremely long-lived with transition to the ground state being in the optical range, 495 nm (see Fig. 1 ). The strongest allowed transition is M3 making this ion a unique system. Next two levels also have optical transitions to the ground state and are metastable with 59 s and 5.3 s lifetimes. Moreover, there is a relatively strong M1 transition to the ground state from 5p 2 3 P 1 at 351 nm that may be potentially used for cooling and probing. The ground and first excited states of Nd 10+ are extremely close and the resulting uncertainty is on the order of the transition energy. While our calculations place 4f 2 to be the ground state, the higher-order corrections are particularly large in this case, almost 3 times that of the transition energy, which might lead to the placement of the 5p4f J = 3 as the ground state.
The ionization potentials for Ag-like and In-like ions are given in Table IV . We note that their values mainly depends on the degree of ionization (147 eV for Ag-like Ba 9+ and 141 eV for In-like Ce 9+ ) so this table may be used to estimate the ionization potentials for Cd-like and Sn-like ions as well.
In summary, we provided a clear direction for the further experimental study of highly-charged ions for the development of next-generation atomic clocks and search for α-variation. We conducted a first high-precision study of such systems as well as demonstrated the first treatment of any systems with four valence electrons (Snlike ions) using the all-order methodology. We identified all ions that fit the criteria for the most straight-forward experimental exploration including sensitivity to α-variation. We also proposed the use of highly-charged ions for quantum information research. The ions listed in this work present a completely unexplored resource for quantum information due to their unique atomic properties and potential reduced sensitivity to decoherence effects. We hope that this work will lay the foundation for the future development of this field.
Supplemental Material
Accurate calculation of the highly-charged ion properties not only require the all-order methods to treat the Coulomb correlation effects, but also accurate treatment of the Breit interaction, QED corrections, and inclusion of the high partial wave contribution. We illustrate the size of various contributions to the energies of Ag-like Nd 13+ , In-like Pr 10+ , and Sn-like Pr 9+ ions in Table V . The contribution of the QED correction for the ions of interest to this work is only significant for the configurations that contain valence 5s state. Therefore, the QED can be omitted for ions where none of the low-lying configurations contain 5s valence state. All energy values are counted from the corresponding ground state energies. Contributions to the energies of highly-charged ions (in cm −1 ) from higher-order Coulomb correlation (above second-order MBPT or CI+MBPT), estimated contributions of higher partial waves (l > 6), Breit interaction, and QED are given separately in columns HO, l > 6, Breit, and QED, respectively. Results of 4-valence electron calculation are given for Pr 9+ . CI+MBPT results are given in column MBPT for Pr ions. Table V illustrates that all of these contributions are essential for accurate determination of the positions of the energy levels and transition wavelength of highlycharged ions. 
